Recombinant Rhodopseudomonas palustris, harboring the carotenoid-metabolizing gene crtI (CrtIBS), and whose color changes from greenish yellow to red in response to inorganic As(III), was cultured in transparent microplate wells illuminated with a light emitting diode (LED) array. The cells were seen to grow better under near-infrared light, when compared with cells illuminated with blue or green LEDs. The absorbance ratio of 525 to 425 nm after cultivation for 24 h, which reflects red carotenoid accumulation, increased with an increase in As(III) concentrations. The detection limit of cultures illuminated with near-infrared LED was 5 µg/l, which was equivalent to that of cultures in test tubes illuminated with an incandescent lamp. A near-infrared LED array, in combination with a microplate, enabled the simultaneous handling of multiple cultures, including CrtIBS and a control strain, for normalization by the illumination of those with equal photon flux densities. Thus, the introduction of a near-infrared LED array to the assay is advantageous for the monitoring of arsenic in natural water samples that may contain a number of unknown factors and, therefore, need normalization of the reporter event.
Exposure to arsenic through groundwater has been a major public health problem in the USA, Taiwan, Mexico, Mongolia, Argentina, India, Chile, and Bangladesh. The World Health Organization (WHO) has described the arsenic crisis in Bangladesh as "the largest mass poisoning of a population in history" [1] . An estimated 35-77 million people in Bangladesh have been chronically exposed to high concentrations of arsenic through drinking water. Arsenic concentrations were found to range from < 7 µg/l to 590 µg/l, with 33% of tube wells exceeding 10 µg/l [8] . Exposure to arsenic in drinking water can cause fatal poisoning and has also been associated with several cancers courtesy of its toxic effects on the liver, skin, kidney, cardiovascular system, and lungs [1, 5, 7, 10, 17, 20, 23] .
Hence, arsenic monitoring of well water is important to prevent chronic diseases in such areas. Two methods, AAS (atomic absorption spectrometry) and ICP (inductively coupled plasma), are typically used for the measurement of arsenic. However, these are analytical instruments, the use of which is relegated to the laboratory. In an effort to compensate for the limitations posed by instrumental analyses, bacterial whole-cell biosensors have attracted much attention. It has been demonstrated that genetically engineered whole-cell biosensors are powerful tools for monitoring environmental pollutants [2, 9, 11, 22] . In such biosensors, the quantity of the signal can be specifically determined by the quantity of the target molecule(s) through the expression of a reporter gene encoding protein, such as green fluorescent protein [19] , luciferase [14] , and β-galactosidase [6] . The crtI gene, which encodes phytoene dehydrogenase, has been used as one such reporter gene in the recombinant photosynthetic bacterium (CrtIBS) [24] . As the reporter gene is placed downstream of the transcriptional switch responsible for inorganic As(III) [21] , the presence of As(III) facilitates gene expression and the production of the CrtI enzyme, and finally results in the metabolization of colorless phytoene to red lycopene. Therefore, by culturing the photosynthetic bacterium under light illumination, As(III) can be measured with the bacterial red color. However, it has been highlighted that the CrtIBS background color is affected by the composition of minerals in environmental samples [24] . The color change is also dependent on the physiological conditions of living bacterial cells grown and stored before use. To eliminate any bacterial background color change caused by minerals in the water and/or the physiological conditions of living bacterium, the reporter event needs to be normalized by cultures of a control strain that does not specifically respond to arsenic.
Incandescent lamps have been used as a light source for the cultivation of photosynthetic bacteria. However, the lamps consume a large amount of energy during cultivation [3] and have difficulty illuminating multiple vessels with equal photon flux densities. The replacement of incandescent lamps with light emitting diode (LED) arrays would enable the handling of multiple photosynthetic bacterial cultures, while maintaining illumination with an even photon flux density at each culture surface, and would allow for less energy consumption. To take advantage of the benefits of a whole-cell biosensor, development of a sensing module that makes it possible to assay multiple samples with equal photon flux density must be considered. In this study, the application of an LED array to the assay, which enables the operation of multiple bacterial cultures and the normalization of the reporter event, has been considered in order to establish a biosensing system to screen for arsenic contamination in environmental samples.
MATERIALS AND METHODS

Bacterial Strains and Arsenic Assay Procedure
The CrtIBS strain [24] and a nonsensitive control strain were used. The bacteria were grown in a modified Okamoto medium (4CYMOM) [16] , where the NaCl concentration was adjusted to 0.2 g/l. One hundred micrograms per liter of chloramphenicol was added when it was required. Bacterial strains were cultured overnight in glass vessels at 30 mode (Bio-Rad Laboratories, Tokyo, Japan), the bacterial cells were harvested by centrifugation and resuspended, with the same cell density as that of the culture, into the medium, where 0.1% (w/v) NaHCO 3 was added. NaAsO 2 (Sigma-Aldrich, St. Louis, USA) and ultrapure water (Simplicity UV; Merck Millipore, Tokyo, Japan) were used to prepare arsenic standards. Three hundred µl of each cell suspension, including the arsenic standard, was added to transparent microplate wells. The microplates were sealed with a transparent self-adhesive plastic sheet for 96-well real-time PCR plates, and then placed above an LED array (Fig. 1A) . Blue, green, and nearinfrared LEDs, with maximum wavelengths of 470, 525, or 850 nm, were utilized. Radiation from an incandescent lamp was adjusted to 7 W/m , respectively, using a microplate reader (SH-1000 Lab; Hitachi High Technologies Corporation, Tokyo, Japan). A . Data are shown as an average ± SD (n = 6).
To normalize the reporter event, a coefficient was first calculated by dividing the ratio A in CrtIBS cultured in the corresponding standard solution or well water.
Determination of Photon Flux Density
To determine the photon flux density, the radiation intensity was measured with an optical power meter equipped with an optical sensor (3664 and 9742 Optical Power Meter; Hioki E. E. Corporation, Nagano, Japan). Coefficients to convert W/m DNA Manipulation crtI was expressed based on the Rps. palustris-E. coli shuttle vector pMG103 [12] . A plasmid, including a constitutive crtI gene, was constructed by inverse PCR using LA-Taq with a GC buffer (Takara Bio, Shiga, Japan) in combination with primers cis-element-up (5'-AATCTAGAGTCGACCTGCAGAAAAAAAGCG, in which the XbaI site is italicized) and crtI-up (5'-CATCTAGATTAAGGAGGTACC CATGCTCG-3', in which the XbaI site is italicized) and a template DNA pMG103ΩParsarsRcrtIcat [24] . The amplified DNA fragment was digested with XbaI and self-ligated to complete pMG103crtIcat, in which the region composed of ars promoter (P a r s
) and arsR was removed from pMG103ΩParsarsRcrtIcat. Then 2.5 µg of pMG103ΩcrtIcat was added to a 70 µl cell suspension of Rps. palustris No. 711 [25] in an ice-chilled electroporation cuvette with an electrode gap of 1 mm. Electroporation was carried out with 25 µF, 1.25 kV, and 300 Ω using a gene pulser (Bio-Rad Laboratories, Tokyo, Japan). Preparation of the cell suspension and selection of transformants were carried out as has been described previously [24] . One of the transformants, which was confirmed to harbor pMG103ΩcrtIcat by PCR, was used as the nonsensitive control strain. . Then 300 µl each of the mixtures was loaded into the microplate wells and the arsenic assay procedure was followed.
Preparation of Cultures Including Well Water
Measurement of Arsenic by Atomic Absorption Spectrophotometry
Water samples were collected from different tube wells in Bangladesh. The arsenic from the well water was measured through polarized Zeeman atomic absorption spectroscopy (AAS) with a graphite atomizer (Z-2000; Hitachi High Technologies Corporation, Tokyo, Japan). The arsenic was atomized at 2,500 o C and absorption at 193.7 nm was monitored. Data were obtained as an average of three consecutive measurements.
Statistical Analyses
Unpaired Student's t-tests were used between groups of data obtained with and without external arsenic. Any difference with a significant level below 0.05 has been highlighted with an asterisk. One-way analysis of variance (one-way ANOVA) among groups was conducted using Fisher's least significant difference (LSD) test with a significance level of 0.05. No significant difference was found amongst the groups shown by bars annotated with the same character.
RESULTS AND DISCUSSION
Effects of Light Source on the Reporter Event
It has been reported that more than half the residents in Bangladesh regularly consume well water with an arsenic concentration > or = 50 µg/l, the acceptable government standard [18] . In this study, therefore, 50 µg/l was used to optimize arsenic assay parameters. As purple non-sulfur bacteria have an absorbance maxima within the blue to green and near-infrared light wavelengths, carotenoid accumulation and cell growth in response to 50 µg/l arsenic were evaluated after exposure of CrtIBS cultures to light with a photon flux density of 100 µmol s -1 m -2 from blue, green, or near-infrared LED. An increase in carotenoid accumulation in the presence of arsenic was more marked in green or near-infrared light than in blue light (Fig. 1B) . Cells reached the highest density when near-infrared light was illuminated (Fig. 1C) . Therefore, a near-infrared LED was chosen as the light source for CrtIBS. Using CrtIBS cultures in microplate wells, a dose-response curve was obtained with near-infrared light ( Fig. 2A) . Carotenoid accumulation increased markedly at arsenic concentrations of between 1 and 20 µg/l and formed a plateau at concentrations above 20 µg/l. It has been reported that blue light induces expression of the genes encoding carotenoid-metabolizing enzymes, phytoene synthase and phytoene dehydrogenase, in a unicellular green alga Chlamydomonas reinhardtii [4] . It has also been observed that blue light enhances carotenoid production in another unicellular green alga, Haematococcus pluvialis [15] . Therefore, a microplate used for arsenic assay was illuminated with a near-infrared LED array in combination with a blue LED array from its lower and upper sides. However, blue light did not stimulate carotenoid accumulation in CrtIBS and, therefore, no significant magnification of the reporter event was found (Fig. 2B) .
Optimization of Assay Conditions
Carotenoid accumulation and cell growth of CrtIBS were examined at 30, 33, or 35 o C in cultures illuminated with a near-infrared LED array or an incandescent lamp. An increase of carotenoids in the presence of 50 µg/l arsenic with near-infrared LED was most marked at 33 o C, whereas at all temperatures tested, a significant difference in the increase of carotenoids was observed with an incandescent lamp (data not shown). Cell growth was most marked at 33 o C regardless of the light sources (data not shown). Thus, the assay temperature with near-infrared light was fixed to 33 o C. Poor growth of CrtIBS with a near-infrared LED array at the optimized temperature was observed when compared with growth of CrtIBS with an incandescent lamp (data not shown). Therefore, the photon flux density of near-infrared light was optimized. Two microplates were placed parallel to an LED array at different distances from their surfaces. The A 660 values with near-infrared light at a photon flux density of 46 µmol s -1 m -2 were comparable to those with an incandescent lamp (Fig. 3B ). An increase of carotenoids with the addition of arsenic was more pronounced at a photon flux density of 46 µmol s , and comparable to the increases with the addition of arsenic under illumination from an incandescent lamp (Fig. 3A) . Thus, the photon flux density with the LED array for arsenic assay was fixed to 46 µmol s -1 m (Fig. 4A ). Carotenoid accumulation in the nonsensitive control strain did not respond to the arsenic standards, whereas it varied in each sample regardless of the arsenic concentrations determined with AAS (Fig. 4B ). Significant differences in growth among the cultures of CrtIBS, or the nonsensitive control strain, were observed when cells were suspended in well water ( Fig. 4C and 4D ). The well water collected from the multiple sampling sites and their mineral composition, determined with AAS, differed (data not shown). Therefore, it was found that carotenoid accumulation and cell growth are affected by the mineral composition in well water. These results indicate the necessity of a nonsensitive control strain for the normalization of the reporter event in response to arsenic in natural water samples. The nonsensitive control strain constitutively expressed crtI and produced red carotenoids. Colored carotenoids are essential for the assembly of the LH2 complex and phototrophic growth, as no absorption peaks correspond to LH2 in the crtI-deleted mutant [25] . Therefore, the effects of mineral composition in well water, on carotenoid accumulation and cell growth, can be excluded, as they are not relevant as to whether the crtI gene is expressed or not. After data normalization, carotenoid accumulation in cells cultured in well water of No. 5-8 became lower than that cultured in the standard solution at an arsenic concentration of 5 µg/l (Fig. 5) . As the concentration of No. 8 obtained with AAS (14.5 µg/l) was higher than 5 µg/l, the response to the well water, which was lower than that of a standard 5 µg/l, was false negative. This result clarified that the difficulty in quantifying arsenic concentrations higher than 100 µg/l in well water is primarily because carotenoid accumulation of CrtIBS cultured at such high concentrations reaches a plateau. A higher dynamic range would be required to quantify arsenic concentrations above 100 µg/l in environmental water. In addition to this restricted dynamic range, it has been reported that ArsR is less sensitive to organic forms of arsenic and inorganic As(V) [13] . A safety margin must also be considered because false negatives may occur in the screening of natural water samples, which include various forms of arsenic and factors that disturb the In conclusion, the pairing of a near-infrared LED array with a microplate is advantageous for the screening of arsenic contamination by a photosynthetic bacterial sensor, because plural cultures of CrtIBS, or the nonsensitive control strain suspended in water samples or arsenic standard solutions, can be operated at the same time under the same photon flux density in order to determine the threshold and to normalize the reporter event.
